Dislocation remains a major concern after total hip replacement, and is often attributed to malposition of the components. The optimum position for placement of the components remains uncertain. We have attempted to identify a relatively safe zone in which movement of the hip will occur without impingement, even if one component is positioned incorrectly. A three-dimensional computer model was designed to simulate impingement and used to examine 125 combinations of positioning of the components in order to allow maximum movement without impingement. Increase in acetabular and/or femoral anteversion allowed greater internal rotation before impingement occurred, but decreases the amount of external rotation. A decrease in abduction of the acetabular components increased internal rotation while decreasing external rotation. Although some correction for malposition was allowable on the opposite side of the joint, extreme degrees could not be corrected because of bony impingement.
Dislocation remains a major concern after total hip replacement, and is often attributed to malposition of the components. The optimum position for placement of the components remains uncertain. We have attempted to identify a relatively safe zone in which movement of the hip will occur without impingement, even if one component is positioned incorrectly. A three-dimensional computer model was designed to simulate impingement and used to examine 125 combinations of positioning of the components in order to allow maximum movement without impingement. Increase in acetabular and/or femoral anteversion allowed greater internal rotation before impingement occurred, but decreases the amount of external rotation. A decrease in abduction of the acetabular components increased internal rotation while decreasing external rotation. Although some correction for malposition was allowable on the opposite side of the joint, extreme degrees could not be corrected because of bony impingement.
We introduce the concept of combined component position, in which anteversion and abduction of the acetabular component, along with femoral anteversion, are all defined as critical elements for stability.
Dislocation is a major complication after total hip replacement (THR), with a reported incidence of 0.6% to 10%. 1 Malposition of the components has been reported to be responsible for 30% or more of cases of instability and dislocation. 2 The optimum position for the implants has been subject to considerable discussion. That which is usually recommended is 30˚ to 50˚ of abduction and 0˚ to 30˚ of anteversion of the acetabular component and anteversion of 0˚ to 15˚ for the femoral component. [3] [4] [5] [6] [7] [8] [9] Charnley 10 recommended 45˚ of abduction, 0˚ of acetabular anteversion and 5o f femoral anteversion. In addition to the positioning of the component, the ratio of the diameters of the head and the neck is a known contributor to stability, 11, 12 with larger ratios believed to lead to better stability. However, some studies have shown no difference in stability with increased head size. [13] [14] [15] [16] [17] Several combinations of positioning of the implants offer acceptable clinical results, but variations in positioning can lead to differences in the movement and stability of the joint. Instability in THR can be caused by impingement of one component against another, of bone against bone or a combination of these. 18, 19 The challenge for the orthopaedic surgeon is to ensure that components are positioned in such a way that a physiological range of movement (ROM) is allowed while impingement is minimised. Malposition of the components can lead to accelerated wear of polyethylene which may subsequently lead to the generation of metal debris from the femoral component, osteolysis, aseptic loosening, and dislodgement of the liner. 20, 21 Because of the numerous negative effects of early impingement on the stability and longevity of the hip, it is necessary to allow the maximum ROM before impingement of the components occurs. Much has been written about the optimum positioning of the acetabular component to achieve this goal. Utilisation of a computer model allowed Barrack et al 22 to define an acceptable range of positioning of the acetabulum as 45˚ ± 10˚ of abduction and 20˚ ± 10˚ of anteversion. Similarly, a safe zone of 40˚ ± 10˚ of abduction and 15˚ ± 10˚ of anteversion was defined by Lewinnek et al. 23 Implants placed outside this zone dislocated four times more than those within it (6% vs 1.5%). 23 Using a mathematical model, Widmer and Zurfluh 24 recommended abduction of 40˚ to 45˚ and acetabular anteversion of 20˚ to 28˚. McCollum and Gray ay increase the risk of dislocation. 26 However, one study found no difference in the rate of dislocation of 6% between 50 hips with more than 9˚ of anteversion compared with 178 hips with less than 9˚ of anteversion or in retroversion. 27 The combined cup and stem anteversion has also been investigated. Ranawat and Maynard 28 recommended a combined acetabular and femoral anteversion of 20˚ to 30˚ in men and of nearly 45˚ in women. One study stated that the sum of anteversion of the cup plus 0.7 times that of the stem should equal 37˚. 24 Others have suggested a combined femoral and acetabular anteversion of 25˚ to 45˚. 28, 29 Despite numerous articles and recommendations the optimum orientation of the implants to retain stability remains undetermined. Our aim was to evaluate the effects of the angles of femoral anteversion, acetabular anteversion and acetabular abduction on the stability and movement of the hip using a modular stem.
Materials and Methods
A commercially available radiograph and a CT scan of a normal male hip were selected. Three-dimensional (3D) computer models of the proximal femur and hemipelvis were created using digital CT images. The models were manipulated using Unigraphics NX 3.0 software (UGS, Plano, Texas). An Exactech Novation modular femoral stem (Exactech, Gainesville, Florida) with a head of 28 mm in diameter and a neck of standard diameter was selected; the head-to-neck diameter ratio was 2.3. This version of the Novation stem has a design which allows for a high degree of variability of femoral anteversion. A 3D model of the femoral component was created and implanted into the femur. The centre of the femoral component was placed in the centre of the native femoral head, thus recreating the same femoral offset and head height as the original femur (Fig. 1) . A hemispherical acetabular component was selected by templating an outside diameter of 54 mm with an inside diameter of 28 mm. A 3D solid model was generated and placed into the model reproducing the centre of rotation of the natural acetabulum (Fig. 2) .
The centres of rotation of the femoral and acetabular components were placed at the intersection of the x, y, and z Cartesian axes. The anatomical position was defined as 15˚ of acetabular anteversion, 45˚ of abduction of the acetabular component (also referred to as the inclination), and 20˚ of femoral anteversion, based on our anatomical model. Anteversion refers to the angle of the acetabular component in the sagittal plane, while abduction is the angle of the component in the coronal plane. The pelvis was held constant while the femur was simultaneously taken through a predetermined ROM around the centre of rotation of the hip. The computer software was capable of detecting both bony and component impingement, which allowed the maximum ROM to be defined as the number of degrees of movement before impingement of either bone or the components occurred.
The femoral component was placed in -15˚, -7˚, 0˚, +7å nd +15˚ of anteversion from the neutral axis of 20˚ and the acetabular component in 0˚, 8˚, 15˚, 22˚ and 30˚ of anteversion and in 25˚, 35˚, 45˚, 55˚ and 65˚ of abduction with the anatomical position being 15˚ of anteversion and 45˚ of abduction. These 125 combinations of position of the implants were assessed as to the maximum ROM before impingement.
The femur was placed in 90˚ of flexion with 10˚ of adduction. It was then internally rotated until the neck of the femoral component impinged on the edge of the acetabular component or bone. The origin of the x-, y-, and z-axes was then moved to the point of contact and the amount of internal rotation was recorded. The femur was placed in full extension and 0˚ of abduction, and then externally rotated until impingement occurred. Finally, the maximum amount of external rotation was recorded.
Results
The maximal internal rotation of the hip when placed in 90˚ of flexion and 10˚ of adduction is shown in Table I . When the acetabular and femoral components are placed anatomically, the femur can internally rotate 35˚ at 90˚ of flexion and 10˚ of adduction. As acetabular anteversion increases by 7˚ and 15˚ from its anatomical position of 15˚, keeping all other variables constant, the amount of internal rotation increases to 41˚ and 50˚, respectively. With the additional 15˚ of anteversion, bony impingement becomes the limiting point for further internal rotation. Conversely, by decreasing the amount of anteversion of the acetabular component by 7˚ and 15˚ from its anatomical position, internal rotation decreases to 28˚ and 21˚, respectively. Bony impingement did not occur with decreasing acetabular anteversion.
In Table I , the effects of acetabular abduction on internal rotation at 90˚ of flexion and 10˚ of adduction are shown. When 10˚ and 20˚ of abduction are added to the normal anatomical position, the amount of internal rotation decreases to 25˚ and 10˚, respectively. When the acetabular component is placed with 10˚ and 20˚ less abduction, the amount of internal rotation increases to 46˚ and 50˚, respectively. At 20˚ less abduction, bony impingement occurs, limiting further internal rotation. Therefore, as the amount of acetabular anteversion increases and abduction decreases, the amount of internal rotation before impingement increases at 90˚ of flexion and 10˚ of adduction. Additionally, it appears that malposition of the acetabulum in adduction may be difficult to compensate for in internal rotation because of bony, not component, impingement, while femoral version may compensate for acetabular anteversion. Images generated by computer simulation showing a) the anteroposterior and b) the lateral view of the acetabular component recreating abduction, anteversion, and the centre of rotation. Table I shows the effects of femoral anteversion on maximal internal rotation at 90˚ of flexion in 10˚ of adduction. With the acetabular component in the anatomical position, adding 7˚ and 15˚ of anteversion to the femoral component increases internal rotation by 11˚ and 22˚, respectively (Fig.  3) . As the femoral component is placed in 7˚ and 15˚ less anteversion, internal rotation decreases by 10˚ and 20˚, respectively. As femoral anteversion increases, internal rotation increases at 90˚ of flexion and 10˚ of adduction.
The maximum external rotation of the hip when placed in full extension (30˚) is shown in Table II . When the acetabular and femoral components are placed anatomically, the femur can externally rotate 75˚ before impingement occurs. As acetabular anteversion increases by 7˚ and 15˚, keeping all other variables constant, the amount of external rotation decreases to 68˚ and 60˚, respectively. With 7˚ and 15˚ less anteversion, the amount of external rotation increases to 82˚. With 7˚ and 15˚ less anteversion, bony impingement occurs and becomes the limiting factor for further external rotation.
Beginning again at the anatomical position, Table II demonstrates the effects of acetabular abduction on external rotation in full extension. When an additional 10˚ and 20o f abduction are added, the amount of external rotation increases to 82˚ before bony impingement occurs. When the acetabular component is placed with 10˚ and 20˚ less abduction, the amount of external rotation decreases to 63å nd 53˚, respectively. Therefore, as anteversion of the component decreases and abduction increases, the amount of external rotation in full extension before impingement increases. Bony impingement is then the limiting factor with component impingement in external rotation for both acetabular abduction and anteversion.
The effect of femoral anteversion on maximal external rotation in full extension is demonstrated in Table II . With the acetabular component placed in the anatomical position, adding 7˚ and 15˚ of anteversion to the femoral component decreases external rotation by 12˚ and 25˚, respectively. When the femoral component is placed in 7å nd 15˚ less anteversion, external rotation increases by 7å nd 15˚, respectively. Therefore, as femoral anteversion increases, external rotation in extension decreases.
Discussion
While operative techniques for THR have been highly refined, dislocation continues to be a serious complication with rates of up to 10% for primary replacements, 16 and of 20% to 21% for revisions. 30, 31 In their review of 10 500 hips, Woo and Morrey 14 noted a twofold increase in dislocation in patients with a history of previous hip surgery.
Our computer model has been used to examine the relationship between the acetabular and femoral components in order to predict the resultant ROM and the risk of dislocation. If a posterior approach is used, most dislocations occur in the posterior direction. 32 Our data suggest that the use of a femoral component which allows increased femoral anteversion may decrease the incidence of posterior dislocation by allowing increased internal rotation before impingement. Similarly, decreasing acetabular abduction also helps to resist posterior dislocation. As expected, an increased risk of anterior dislocation is associated with these measures. Therefore, positioning of the component must be balanced to achieve stability in all planes (Fig. 3) . Our study has shown that when an acetabular component is placed in 45˚ of abduction and 20˚ of anteversion, the femur can internally rotate 35˚ before impingement when placed anatomically. Adding 7˚ of femoral anteversion results in an extra 11˚ of internal rotation, and with an additional 15˚ the femur can internally rotate a further 22˚ before impingement occurs. However, with 7˚ of extra femoral anteversion, external rotation of the hip decreases by 12˚ when in extension, and with an increase of 15˚ it decreases by 25˚. The gain of movement in one direction at the expense of another emphasises the importance of a balanced position for the prosthesis.
Unlike previous studies which did not examine the influence of a modular neck and combinations of positioning of the component to achieve movement free from impingement, our data have shown that it is the combination of femoral and acetabular anteversion together with acetabular abduction which predicts stability. Using a 3D computer model, Robinson et al 33 analysed the position of the components and ROM to impingement and dislocation, without simulating a modular stem. They also noted that as femoral and acetabular anteversion decreased, external rotation increased in 0˚ of flexion and as anteversion increased, internal rotation increased in 90˚ of flexion.
In addition to combined anteversion, we have demonstrated the critical importance of acetabular abduction to impingement-free movement. Our computer simulation showed that as abduction increased, external rotation decreased in full extension while internal rotation decreased at 90˚ of flexion and 10˚ of adduction. In a study by von Knoch et al, 34 acetabular abduction > 55˚ was related to an increased risk of dislocation. Our results are in conflict with those reported by Robinson et al 33 who showed that as acetabular abduction increased, internal rotation increased, but had a minimal effect on external rotation. We do not know why there should be this difference. Both studies examined internal rotation in 90˚ of flexion and 10˚ of adduction and examined external rotation in full extension. Anatomical differences between individual pelvises may have accounted for these disparities.
We have demonstrated the importance of acetabular abduction in both the short-and long-term survival of THR. Recently, alternative bearings with femoral heads of larger diameter have been used more commonly with the aim of reducing both wear and the rates of dislocation. In a recent study by Crowninshield et al, 35 it was shown that increasing abduction of the acetabular component by more than 45˚ negated the beneficial effects of increasing the diameter of the femoral head. Oki et al 36 found that the torsional shear forces were 1.7 times greater in acetabular shells with a more vertical orientation. Patil et al 37 com- * ROM, range of movement pared their findings using computer-generated finiteelemental analysis and a hip simulator with their clinical results. In all three cases, wear was significantly increased with greater acetabular abduction. This is now emerging as a critical factor in short-and long-term stability and reduction in wear. An important implication of our study relates to revision surgery. Occasionally, revision must be performed for a loosened femoral component, but with a well-fixed and stable acetabular implant, or vice versa. The well-fixed component may not be in the optimal position. This creates a dilemma for the surgeon who must either perform a revision on a well-fixed component, or perform an isolated revision on the loose component and potentially increase the risk of dislocation. When an acetabular component is malpositioned, an isolated femoral revision may be safely performed if the combined component position falls into the acceptable range. The use of a modular stem which provides a high degree of adjustability may aid this. For example, if an acetabular component is malpositioned in 0˚ of anteversion and 45˚ of abduction, only 21˚ of internal rotation can be achieved before impingement when using a traditional, non-modular femoral component. However, with the use of a modular stem with 15˚ of added femoral anteversion, 40˚ of internal rotation can be achieved before impingement occurs. Similarly, the acetabular position may also be changed to maximise impingement-free movement in the presence of a well-fixed, malpositioned femoral stem.
Despite the use of modular components, gross malpositioning cannot be made stable with an isolated revision. We have shown that as femoral anteversion is increased to compensate for an acetabular component with less than 20o f anteversion, especially if the acetabular component is relatively adducted, bony impingement occurs. This limits the ability of the femoral component to compensate for the malpositioned acetabular implant. Likewise, if an acetabular component has decreased anteversion and an increased angle of abduction, stability cannot be achieved by an isolated revision. In these cases, revision of all components would be required.
The utilisation of CT and imageless navigation in THR may improve the accuracy and precision of placement of the components. [38] [39] [40] In a cadaver model using imageless navigation, Nogler et al 38 noted reduced variability in the positioning of the acetabular component. In a randomised, clinical study, Kalteis et al 39 demonstrated improved accuracy and precision using either CT or imageless navigation when compared with conventional placement of the acetabular component. Currently, little information is available on the use of navigation in implantation of the femoral component, but based on the successful results of navigation-assisted placement of total knee implants [41] [42] [43] [44] [45] and acetabular components, [46] [47] [48] it is likely that navigation will improve the accuracy of placement of the femoral Component. This will allow implantation of both components in a relatively safe zone with a high degree of accuracy and precision. The use of navigation during revision procedures will give precise analysis of each component, allowing identification of the appropriate safe zone for the individual patient.
In our study the influence of the surrounding soft tissue was not taken into account, which may have affected stability. Proper soft-tissue tensioning is critical to achieving stability, but this is difficult to estimate experimentally, as are the resultant joint reaction forces. Soft tissue can also influence ROM and cause impingement before contact of the prosthetic component. It is important to remember that the data presented here are based on an in vitro model, and may not truly represent the situation in real life. Additional investigation into validating this model must be accomplished to better understand its implications in vivo. This will require soft-tissue modelling and force-vector analysis of the hip.
An additional limitation was that the model was developed from the radiograph and CT scan of one male model. Anatomical variability as well as patient compliance could have an influence on ROM and dislocation. The model was created from a specimen which did not have deformity, such as heterotopic ossification, developmental dysplasia or an expanded proximal femur as can be seen after intertrochanteric fractures of the hip. These deformities can cause early bony impingement and influence the total movement of the hip.
We have shown that there is a relatively safe zone for impingement-free ROM which can be achieved by proper positioning of the acetabular and femoral components. It is unique for every patient and is particularly helpful during revision. It allows the surgeon to determine the optimum position for the implant, especially with the use of navigation. If one component is malpositioned within certain limits, proper positioning of the remaining implant can compensate for this to achieve stable movement, free from impingement, with a potential subsequent reduction in the number of dislocations. Once we are able to incorporate soft tissue and force vectors into the model, we will be able to provide valuable information for the development of computerised software and surgical guidance systems. We are enthusiastic about the future implications regarding the integration of this concept of a relatively safe zone into navigational systems to enhance further the ability to place components optimally and to improve outcomes.
